Introduction
============

Protein phosphatase 2A (PP2A) is one of the most important serine/threonine phosphatases in mammalian brains. Its activity is determined by the holoenzyme composition (scaffolding/structural A, regulatory/targeting B and catalytic C subunits), PP2A inhibitors \[[@b1]\] and post-translational modifications of the catalytic subunit \[[@b2]\]. Decreases of PP2A activity \[[@b4]\], PP2A mRNA level \[[@b5]\], and a major PP2A heterotrimer enzyme AB~α~C \[[@b6]\] have been reported in the Alzheimer\'s disease (AD) brain. It is also established that inhibition of PP2A leads to tau hyperphosphorylation at several sites, such as the PHF-1 sites seen in the AD brain \[[@b7]\]. In addition, tau hyperphosphorylation has been observed in transgenic mice with a dominant negative mutant form of the catalytic subunit of PP2A \[[@b9]\]. Down-regulation of PP2A carboxyl methylation at the L309 site might be the underlying mechanism hampering the heterotrimer formation \[[@b3]\]. Alternatively, phosphorylation of the PP2A catalytic subunit at the Y307 site by receptor and non-receptor protein tyrosine kinases can inactivate PP2A \[[@b11]\].

The majority (∼70%) of clinically diagnosed sporadic AD cases have a large number of extracellular senile plaques (SPs), consisting of amyloid β-peptide (Aβ), and intracellular neurofibrillary tangles (NFTs), consisting of abnormally hyperphosphorylated tau as paired helical filaments (PHF-tau) \[[@b14]\]. Previous *in vivo* studies have demonstrated that a high level of Aβ increases brain tau pathologies in transgenic mice carrying the APP Swedish mutation (APPswe) with a tau mutation (P301L) \[[@b15]\], in P301L tau transgenic mice injected with Aβ42 fibrils \[[@b16]\], and in triple-transgenic mice harbouring presenilin-1 (PS1, M146V), APPswe and tau (P301L) mutations \[[@b17]\]. However, the relationship between Aβ deposition and PHF-tau in AD brains remains largely elusive. Similarly to Aβ accumulation, oestrogen deficiency is capable of activating several tau kinases, such as protein kinase B (PKB/Akt), glycogen synthase kinase-3 (GSK-3), mitogen-activated protein kinases (MAPKs):p38, extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase/stress-activated protein kinase (JNK/SAPK) \[[@b18]\]. By up-regulating these kinases, oestrogen deficiency may cause tau hyperphosphorylation \[[@b14]\] and promote NFT formation. In contrast, much less is known about the effects of Aβ accumulation and oestrogen deficiency on the main negative regulator of tau kinases, PP2A \[[@b7]\].

To address the mechanism of reduced PP2A activity in AD brain and the consequent effect on tau phosphorylation, the present study investigated level and distribution of inactive/phosphorylated (p) PP2A (Y307) (PP2Ac-Yp307) in relationship to tau phosphorylation in AD brain samples and several experimental models. The effect of Aβ was tested *in vitro* in mouse N2a neuroblastoma stably expressing the human amyloid precursor protein with Swedish mutation (APPswe) and wild-type (WT) cell lines

exposed to Ab25--35, and *in vivo* in the brains of transgenic APPswe/ presenilin (PS1, A246E) mice. Oestrogen deficiency was mimicked by selective knockout of ERα or ERβ receptors in mice. We found a consistent increase in the levels of PP2Ac-Yp307 in parallel with tau hyperphosphorylation in all these models.

Materials and methods
=====================

Materials
---------

For all primary antibodies used in this study, see details in [Table 1](#tbl1){ref-type="table"}. Aβ25--35 and purified PTP1B were bought from Sigma-Aldrich (Stockholm, Sweden). Blocking peptide to phospho-PP2A (Y307) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Cytosolic abnormally hyperphosphorylated tau (AD p-tau) and PHF-tau were isolated from AD brains \[[@b29]\].

###### 

Antibodies used in the study

  **Antibodies**       **Epitopes**                   **Dilution**   **References and sources**
  -------------------- ------------------------------ -------------- ------------------------------
  4G8                  Human Aβ17--26 (within APP)    1/500          Biosource
  pPP2A (Y307, poly)   PY307 (inactive form)          1/100          Santa Cruz
  R123d (poly)         PP2A C subunit (aa 299--309)   1/1000         Reference \[[@b37]\]
  Anti-PP2A Cα(mAb)    PP2A Cα (aa 153--309)          1/5000         BD Transduction Laboratories
  pS262 (poly)         pS262-tau                      1/200--500     Biosource
  pS205 (poly)         pS205-tau                      1/1000         Biosource
  PHF-1 (mAb)          pS396/404-tau                  1/500          Reference 14
  AT8 (mAb)            pS199/S202/T205-tau            1/500--1000    Innogenetics
  AT180 (mAb)          pT231/S235-tau                 1/1000         Innogenetics
  Tau-1 (mAb)          Non-pS198/199/202-tau          1/30,000       Reference 14
  R134d (poly)         Total tau                      1/1000         Reference 14
  Tau-5 (mAb)          Total tau                      1/1000         Biosource
  Anti PTP-1B(poly)    PTP1B                          1/1000         Upstate
  Anti-actin (poly)    Actin                          1/1000         Sigma

p, phosphorylated;Non-p, non-phosphorylated;Poly, rabbit polyclonal antibody;mAb, mouse monoclonal antibody.

In this study, 10% formalin-fixed tissue blocks of the medial temporal lobe from six neuropathologically confirmed AD cases and two controls, including the entorhinal, hippocampal and temporal cortices, and/or amygdala for immunohistochemistry were obtained from Huddinge Brain Bank ([Table 2](#tbl2){ref-type="table"}). Fresh frozen ventral cortical tissue samples from brains of seven transgenic APPswe/PS1 (A246E) \[[@b30]\] and seven non-transgenic 16-month-old female mice were prepared as previously described \[[@b32]\]. Fresh brains (five each from 9-month-old WT, ERα^−/--^ and ERβ^−/--^ female mice \[[@b33]\]) were dissected after putting animals into deep sleep by intraperitoneal injection of sodium pentobarbital (60 mg/g) (Department of Biosciences and Nutrition, Karolinska Institutet, Novum, Sweden).

###### 

Detailed information for the cases used in immunohistochemistry

  **Case**   **Sex**   **Age**   **Brain weight (g)**   **Clinical diagnosis**
  ---------- --------- --------- ---------------------- ------------------------
  1          F         85        1072                   Control
  2          F         64        1200                   Control
  3          M         71        1433                   AD
  4          F         91        1230                   AD
  5          F         83        1012                   AD
  6          M         92        1140                   AD
  7          F         65        700                    AD
  8          M         85        930                    AD

Cell culture and cell treatment
-------------------------------

Wild-type N2a cells and APPswe N2a cells were grown in six-well culture plates (60 mm-diameter) to 70--80% confluence in complete media (Dulbecco\'s modified Eagle\'s medium, Dulbecco\'s Modified Eagle\'s Medium (DMEM)/ Optiminimum essential medium, MEM \[1:1\]; 5% foetal bovine serum (FBS), 1% penicillin/streptomycin \[PEST\] and 0.2% Fungizone \[GIBCO, Invitrogen, Stockholm, Sweden\]), then the cells were switched to media with 0.5% FBS for 24 hrs. The cells were treated with 1 μM sodium butyrate for 12 hrs with or without further treatment of 25 μM Ab25--35 in 0.5% FBS growth medium for 0, 4, 12 or 24 hrs. Prior to Aβ25--35 treatment, 1 mM stock solution was prepared in double-distilled H~2~O and maintained for 3 days at room temperature to allow polymerization \[[@b35]\].

Extract preparation and protein measurement
-------------------------------------------

After treatment, cells were washed with ice-cold phosphate-buffered saline (PBS), then harvested, suspended in cell lysate buffer containing 2 mM ethylene glycol tetraacetic acid (EGTA), 50 mM NaF, 2 mM NaVO4, 0.5 mM phenyl-methylsulfonyl fluoride, 5 mM ethylenediaminetetraacetic acid (EDTA), 150 mM NaCl, 50 mM Tris-HCl (pH 7.4), 1% Triton X-100, protease-inhibitor cocktail (1:200). After sonicating, samples were then kept on ice for 20 min. Homogenates from brains of transgenic APPswe /PS1 (A246E) and control mice, WT, ERα^−/--^ and ERβ^−/--^ mice, and AD and controls were prepared in buffer including 50 mM Tris, pH 7.0, 2.5 mM EDTA, 2.5 mM EGTA, 2 mM benzamidine, 1.0 mM phenylmethylsulfonyl fluoride, 0.1%β-mercaptoethanol, 20 mM β-glycerophosphate, 0.1% protease inhibitor cocktail, 2 μM sodium vanadate, 50 mM NaF and 2% sodium dode-cyl sulfate (SDS) at 4°C.

Protein concentrations of all samples were detected with the bicinchoninic acid (BCA) assay kit (Sigma-Aldrich, Stockholm, Sweden), and then samples were stocked at −70°C until used.

PTP1B dephosphorylation of PP2A
-------------------------------

10 μg homogenate of human brain tissue in homogenate buffer without protein phosphatase inhibitors were incubated with 0.05u, 0.2u and 0.4u purified PTP1B (Sigma-Aldrich, Stockholm, Sweden). One unit is considered to hydrolyse 1μM phosphopeptide substrate epidermal growth factor receptor (EGFR) fragment 988--998 per minute at pH 7.2 at 30°C in 20 μl phosphatase reaction buffer (25 mM Hepes, pH 7.0, 2 mM EDTA, 0.1 mg/ml BSA, 30 mM β- mercap-toethanol) at 30°C for 1.5 hrs. The reactions were stopped by adding 20 μl of 2 X Laemmli sample buffer for SDS gel electrophoresis.

Dot and Western blots
---------------------

For dot blots, boiled homogenates, supernatant and pellet fractions from 10 control and 21 AD cases ([Table 3](#tbl3){ref-type="table"}) were spotted on nitrocellulose membrane in triplicates (4 μg protein/dot). For Western blots, boiled samples were electrophoresed in 10% SDS-polyacrylamide gel and the separated proteins transferred to nitrocellulose membranes. The membrane was then dried and blocked in 5% non-fat milk for 1 hr at room temperature. Incubations with antibodies to PP2Ac-Yp307, total PP2A (R123d), tau antibodies and actin antibody were performed at 4°C overnight. Membranes from dot and Western blots that were incubated with primary antibodies were detected using horseradish peroxidase-linked anti-rabbit or antimouse IgGs (Amersham Biosciences AB, Uppsala, Sweden) at 1:2000 dilution, then visualized by the enhanced chemiluminescence kit (Amersham Biosciences AB). Intensities of positive bands or spots were quantified with Discovery Series Quantity One 1-D Analysis Software (Bio-Rad Laboratories, Inc., Stockholm, Sweden).

###### 

Detailed information for the cases used in dot blots

  Case   Age   Sex   Clinical diagnosis   Post-mortem delay (hrs)   Braak\'s neurofibrillary staging
  ------ ----- ----- -------------------- ------------------------- ----------------------------------
  1      67    M     Control              2                         I
  2      76    M     Control              3                         III
  3      96    F     Control              10                        IV
  4      75    M     Control              10                        I
  5      79    M     Control              5                         IV
  6      84    F     Control              7                         IV
  7      84    M     Control              7                         III
  8      83    M     Control              8                         III
  9      98    F     Control              9                         III
  10     82    F     Control              4                         IV
  11     86    M     AD                   7                         III
  12     71    M     AD                   7                         III
  13     76    F     AD                   6                         VI
  14     88    M     AD                   7                         V
  15     73    F     AD                   7                         V
  16     82    M     AD                   6                         V
  17     100   F     AD                   6                         V
  18     90    F     AD                   10                        IV
  19     74    F     AD                   6                         VI
  20     84    F     AD                   7                         VI
  21     92    F     AD                   6                         VI
  22     78    F     AD                   6                         V
  23     97    F     AD                   9                         V
  24     68    F     AD                   4                         VI
  25     91    F     AD                   4                         V
  26     84    F     AD                   4                         V
  27     86    F     AD                   3                         VI
  28     54    F     AD                   3                         VI
  29     82    F     AD                   7                         VI
  30     74    F     AD                   4                         VI
  31     87    F     AD                   5                         VI

Average age (years):Control, 82.40±9.30;AD, 81.76±10.62 (*P* \> 0.05 *versus* control). Average post-mortem delay (hrs): Control, 6.50±2.88;AD, 5.90±1.81 (*P* \> 0.05 *versus* control).

Immunohistochemistry, and double immunofluorescene confocal microscopy
----------------------------------------------------------------------

For immunohistochemistry of the human brain tissues, formalin-fixed tissue blocks ([Table 2](#tbl2){ref-type="table"}) were soaked two days each in 15% and 30% sucrose, and were then then frozen and sectioned at 20 μm. Following the protocols previously described \[[@b28]\], sections were blocked with 5% bovine serum albumin (BSA) for 30 min., then incubated for 44--48 hrs at 4°C with rabbit polyclonal antibody to PP2Ac-Yp307 (1:100), followed by incubation with biotinylated anti-rabbit IgG (1:200) for 2 hrs and visualized with the avidin-biotin-peroxidase complex kit (Vector, Burlingame, CA, USA) with 3--3-diaminobenzidine-4 HCl/H~2~O~2~ (DAB;Sigma, St. Louis, MO, USA) as substrate.

The formalin-fixed paraffin-embedded tissue blocks from rat brains were sectioned at 4 μm. After deparaffination and washing, heat-induced antigen retrieval was accomplished by immersing slides placed in Tissue-Tek slide holders in an autoclave for 5 min. and then cooled to room temperature. After washing with PBS three times, endogenous peroxidase activity was blocked with 3% H2O2 for 10 min. at room temperature. Sections were incubated with primary antibodies PHF-1 (1:200) and PP2Ac-Yp307 (1:50), respectively, overnight at 4°C. After washing with PBS, the sections were blocked with the reagent 1 (polymer helper), incubated with the reagent 2 (poly peroxidase-antimouse/rabbit IgG) and then visualized with DAB as substrate. Counterstaining with haematoxylin was also done. For double immunofluorescent stainings, sections from fixed human brain tissue were immunostained with rabbit polyclonal antibody to PP2Ac-Yp307 and mAb AT8 or mAb 4G8, then the bound antibodies were labelled with CY3-conjugated secondary anti-rabbit IgGs (red, PP2Ac-Yp307), and CY2-conjugated secondary antimouse IgGs (green, mAb AT8, or 4G8) (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA). A BioRad Laser Scanning Confocal Imaging System (Radiance Plus; Bio-Rod House, Hertfordshire, UK) was used to determine the colocalization of the CY3-labelled PP2Ac-Yp307 and the CY2-labelled AT8 or 4G8.

PTP1B RNA interference
----------------------

Annealed double stranded RNA duplexes (5′CGAACAGAGUCUAAUCUCAtt3′) corresponding to mouse PTP1B (Ambion, Cambridgeshire, UK) were transfected with 50 nM lipofectamine 2000 (Invitrogen, Stockholm, Sweden) into cultured mouse N2a cells. The effects of RNAi on PTP1B expression, and on phosphorylation of PP2A (Y307) and tau were measured after effectively silencing the target PTP1B gene expression (72 hrs). A non-targeting SiRNA (Silencer Negative Control 1 SiRNA, Ambion, Cambridgeshire, UK) was used as SiRNA transfection negative control.

Protein phosphatase activity assay
----------------------------------

PP2A activity in the supernatants was assayed using the phosphatase kit V2460 (Promega, Madison, WI, USA). Briefly, endogenous free phosphate was removed from supernatants, and then the extracts were normalized for protein content. 5 μg protein samples in triplicates were incubated with a chemically synthesized phosphopeptide (RRA(pT)VA), an optimal substrate for PP2A, PP2B and PP2C, but not for PP1 in the buffer optimized for PP2A activity while cation-dependent PP2B and PP2C were inhibited (protocol provided by the manufacturer) for 30 min. at 33°C. Phosphate released from the substrate was detected by measuring the absorbance of a molybdatemalachite green-phosphate complex at 630 nm. PP2A activity was evaluated by the release of phosphate per μg protein and per minute (pmol/μg/min).

Statistical analysis
--------------------

Non-paired Student\'s t-tests were used to analyse the possible changes between treated and non-treated cells, and transgenic and non-transgenic mice. One-way ANOVAs were used to analyse the difference of data from the brains at different neurofibrillary stages according to Braak and Braak\' criteria. The Pearson correlation and stepwise regression between levels of PP2Ac-Yp307 and tau phosphorylation were also analysed. The significance level was set at *P*\<0.05.

Results
=======

Characterization of the antibody to phosphorylated PP2A (Y307)
--------------------------------------------------------------

Since *in vitro* phosphorylation of PP2A at the Y307 site potently inactivates PP2A \[[@b11]\], the antibody to PP2A phosphorylated at the Y307 site should recognize the inactivated PP2A (inactive form). The specificity of the affinity-purified antibody to PP2Ac-Yp307 was characterized by Western blots in homogenates from AD and control brains (15 μg protein/lane), purified AD p-tau and PHF-tau (2 μg protein/lane), and NIH-3T3 cell extracts with or without treatment of serum ([Fig. 1A](#fig01){ref-type="fig"}). A single positive band that corresponds to the PP2A catalytic subunit at approximately 36 kD appeared in the homogenates and NIH-3T3 cell extracts, but not in AD p-tau or PHF-tau, indicating that this antibody specifically recognized PP2A and did not cross-react with tau protein. A dramatic increase of PP2Ac-Yp307 was seen in the NIH-3T3 cell extracts treated with serum.

![Characterization of the antibody to protein phosphatase 2A (PP2A) catalytic subunit phosphorylated (p) phosphorylated at Y307. Samples from control (Con) and Alzheimer\'s disease (AD) brain homogenates (15 μg /lane), AD p-tau (2 μg /lane), paired helical filaments (PHF)-tau (2 μg/lane), and extracts from non-treated (-) and serum-treated (+) NIH-3T3 cell lysates (control cell extracts, Cell signalling) were separated by 10% SDS-PAGE, and the membranes were developed with antibody to PP2Ac-Yp307 (**A**). Positive staining appeared at 36 kD that corresponds to the molecular mass of the catalytic subunit of PP2A molecular mass in homogenates and NIH-3T3 cell lysates, but not in AD p-tau or PHF-tau. In (**B**), human brain tissue homogenates were incubated with purified PTP1B to remove the phosphate on tyrosine sites. After the reaction the homogenates were separated by 10% SDS-PAGE, and the membranes were developed with antibody to PP2Ac-Yp307. No signal was detected by anti-pPP2A (Y307) after PTP1B treatment. In (**C**), representative pictures from sections of AD brains were immunostained with the antibody to PP2Ac-Yp307 in the presence of the corresponding blocking peptide or not. The sections absorbed with the blocking peptide (+) hardly showed any positive neuronal staining, as compared to sections without blocking peptide absorption (-). Data from Western blots and immunohistochemistry indicated that the antibody to PP2Ac-Yp307 is specific.](jcmm0012-0241-f1){#fig01}

To confirm whether this antibody specifically recognizes tyrosine phosphorylated PP2A, human brain homogenates were incubated with purified PTP1B *in vitro* to release the phosphate from tyrosine sites; and samples were subjected to Western blots immunostained with anti-pPP2A (Y307). After PTP1B treatment, the positive band at 36 kD almost disappeared ([Fig. 1B](#fig01){ref-type="fig"}).

To further confirm the specificity of the antibody to PP2Ac-Yp307, immunostainings of the antibody absorbed with or without the corresponding blocking peptide (the short amino acid sequence containing pY307 of PP2A) were performed on the sections from AD brains. The immunostaining was hardly seen in sections treated with the blocking peptide, as compared to the sections without the blocking peptide absorption ([Fig. 1C](#fig01){ref-type="fig"}).

Immunoreactivity of inactive form of PP2A (Y307) in the AD brain
----------------------------------------------------------------

AD brains showed numerous neurons positive for the inactive form of PP2Ac-Yp307. The positive structures were more intensive in the entorhinal cortex, the hippocampal CA1, and the temporal cortex of AD brains ([Fig. 2A](#fig02){ref-type="fig"}) as compared to controls (data not shown). A large number of immunopositive neurons showed tangle-like inclusions and granular structures in cytoplasma ([Fig. 2A](#fig02){ref-type="fig"}: a--f, b1, d1, f1). Double-immunofluorescent stainings were carried out with antibodies to inactive form of PP2A (Y307) and mAb AT8 (PHF-tau) or mAb 4G8 (human Aβ17--26) in the sections of AD brains ([Fig. 2B](#fig02){ref-type="fig"}). PHF-tau immunoreactivity labelled by AT8 was restricted to neurons affected by NFTs and pretangles. In addition, SPs labelled by 4G8 were surrounded by NFTs positive for an inactive form of PP2Ac-Yp307 ([Fig. 2B](#fig02){ref-type="fig"}). During experiments, the control sections without primary antibodies were routinely used, and they showed negative staining (data not shown).

![Distribution of inactivated PP2Ac-Yp307 in AD and control (Con) brains. A larger number of intensively stained neurons positive for PP2Ac-Yp307 was found in the entorhinal (Ento) cortex, the hippocampus CA1 and the temporal cortex (Temp) of AD as compared to controls (**A**). Immunoreactivities of inactive form of PP2A were co-localized with PHF-tau labelled by AT8 that closely surrounded the senile plaques labelled by 4G8 (**B**).](jcmm0012-0241-f2){#fig02}

According to the immunoreactivity against inactive form of PP2Ac-Yp307 and mAb AT8, four different staining patterns of neurons could be distinguished under confocal microscopy in the hippocampal CA1 area of AD brains. Pattern 1 neurons were AT8-negative but showed granular staining for PP2Ac-Yp307 in the cytoplasm ([Fig. 3](#fig03){ref-type="fig"}, A1, A2 and A3). Pattern 2 neurons showed aggregates positive for both AT8 labelled-PHF-tau and PP2Ac-Yp307 as granules in the soma and neuropil threads, while the nuclear shape and position were relatively normal-looking ([Fig. 3](#fig03){ref-type="fig"}, B1, B2 and B3). Pattern 3 neurons were classic NFTs, which showed some filamentous structures in the neuronal soma that stained positively for both PP2Ac-Yp307 and PHF-tau labelled by AT8. The cell nucleus of this kind of neuron was round but the nuclear position was distorted ([Fig. 3](#fig03){ref-type="fig"}, C1, C2 and C3). Pattern 4 neurons showed advanced tangles labelled by AT8 and the filamentous structures completely overlapped with PP2Ac-Yp307 ([Fig. 3](#fig03){ref-type="fig"}, D1, D2 and D3). The cell nucleus of this kind of neuron disappeared.

![Immunoreactivities of inactivated PP2Ac-Yp307 in neurons with different extents of paired helical filaments (PHF)-tau accumulation labelled by AT8. In the normal-looking neurons, only antibody to PP2Ac-Yp307 was positive in granular structures (**A1**, **A2** and **A3**). The pre-tangle neurons contained inclusions of granular structures that are positive for antibody to PP2Ac-Yp307 and AT8, but the nuclear shape still looked normal (**B1**, **B2** and **B3**, white arrow indicated). The classic neurofibrillary tangles (NFT)-bearing neurons showed granular aggregates positive for PP2Ac-Yp307 that distributed along the AT8-positive filamentous structures. The nucleus was positioned to the periphery of neuronal soma, but the nuclear shape was still relatively normal (**C1**, **C2** and **C3**). The advanced stage of NFT-bearing neurons showed fully overlapping filamentous immunoreactivities of the antibodies to PP2Ac-Yp307 and AT8. The nucleus was invisible (**D1**, **D2** and **D3**).](jcmm0012-0241-f3){#fig03}

The number of different patterns of neurons positive for PP2Ac-Yp307was counted in 28 continuous fields in relation to AT8 immunoreactivity in area CA1 of the hippocampus from three brains at Braak\'s neurofibrillary stages V-VI (same magnification as in [Fig. 2B](#fig02){ref-type="fig"}). Pattern 1 neurons were selectively positive for PP2Ac-Yp307 \[number of neurons positive for PP2Ac-Yp307/AT8: 67/0\]. In pattern 2 neurons, all neurons positive for PP2Ac-Yp307 co-existed with AT8 immunoreactivity, but some AT8-positive neurons were not labelled by the antibody to PP2Ac-Yp307 \[number of neurons positive for PP2Ac-Yp307/AT8: [@b27]/[@b33]\]. All of the AT8-positive pattern 3 and 4 neurons co-existed with neurons positive for PP2Ac-Yp307 \[number of neurons positive for PP2Ac-Yp307/AT8: 101/101\]. The four distinguishable patterns of neurons suggest that a progressive development of Alzheimer\'s tau pathologies from pre-tangle neurons to NFT-bearing neurons might involve phosphorylation of PP2A at the Y307 site.

Levels of phosphorylated PP2A (Y307) in AD and control brains
-------------------------------------------------------------

In order to investigate the degree of PP2A inactivation seen by immunohistochemistry in AD brains, levels of total PP2A (by R123d and anti-PP2A C?) and PP2Ac-Yp307 were measured in homogenates, supernatants, and pellets (100,000 g) of 10 control and 21 AD cases by dot blots. As shown in [Fig. 4A and B](#fig04){ref-type="fig"}, there were no significant differences in total PP2A levels in homogenates and supernatants (100,000 g) between AD and control groups. However, total PP2A levels were significantly lower in the pellets of AD brains than in control brains, as detected by both R123d (*P*\<0.05) and anti-PP2A Cα (*P*\<0.01), indicating dramatically decreased levels of total PP2A in insoluble fractions containing aggregated proteins such as PHF-tau. In contrast to total PP2A, levels of PP2Ac-Yp307 in the pellets did not differ between AD and control brains ([Fig. 4C](#fig04){ref-type="fig"}). After normalizing the inactivated pPP2A (Y307) with the total PP2A, sharply increased levels of PP2Ac-Yp307 were observed in the pellets of the AD group as compared with controls (data not shown).

![Levels of inactivated PP2Ac-Yp307 in AD and control brains. Levels of total PP2A (by R123d and Anti-PP2A Cα) and PP2Ac-Yp307 were measured in the homogenates, supernatants and pellets (100,000× g) of 21 AD and 10 control cases by dot blots.(**A**) showed only a significant decrease of total PP2A by Anti-PP2A Cα in 100, 000× g pellet fraction of AD as compared to the control (\*\*, *P* \< 0.01).(**B**) showed only a significant decrease of total PP2A by R123d in 100, 000× g pellet fraction of AD as compared with the control (\*, *P* \< 0.05).(**C**) showed only a significant decrease of PP2Ac-Yp307 in 100,000× g supernatants in AD as compared with the control (\*\*, *P* \< 0.01). (**D**) showed significant changes of PP2Ac-Yp307 and total PP2A in 100,000× g pellets of cases at different Braak\'s neurofibrillary stages (\**P* \< 0.05, between stages III--IV and stages I--II; \#*P* \< 0.05 by R123d between stages III--IV and stages V--VI). (**E**) showed a linear increase of the ratio of PP2Ac-Yp307 / total PP2A in 100,000×*g* pellets of cases at different Braak\'s neurofibrillary stages. All the results were represented by the mean ± SEM.](jcmm0012-0241-f4){#fig04}

In comparison with Braak\'s stages I--II ([Fig. 4D](#fig04){ref-type="fig"}), a significant increase of PP2Ac-Yp307 levels was observed at stages III--IV (*P*\<0.05), although the levels of total PP2A did not change. The levels of PP2Ac-Yp307 normalized to the levels of total PP2A (both R123d and anti-PP2A Cα) showed a positive linear relationship between Braak\'s neurofibrillary stages and the level of PP2Ac-Yp307 ([Fig. 4E](#fig04){ref-type="fig"}).

As shown in [Table 4](#tbl4){ref-type="table"}, levels of PP2Ac-Yp307 showed significant correlation with tau phosphorylation at AT8 sites (*P*= 0.047) and PHF-1 sites (*P*= 0.048), and tau dephosphorylation at Tau-1 sites (*P*= 0.000), but not with total tau (R134d, *P*= 0.223) in the pellets (100,000 g) of AD and control cases.

###### 

Correlations of inactivated PP2Ac-Yp307 with tau in 100, 000× g pellets

  Antibodies to tau   to PP2Ac-Yp307   
  ------------------- ---------------- --------------
  AT8 (p-tau)         0.359            0.047 ^\*^
  PHF-1 (p-tau)       0.357            0.048 ^\*^
  Tau-1 (de-ptau)     --0.606          0.000 ^\*\*^
  R134d (total tau)   0.225            0.223

p-tau, phosphorylated tau; de-ptau, unphosphorylated tau; r, Pearson correlation coefficient.^\*^*P* \< 0.05;^\*\*^*P* \< 0.01.

Effects of okadaic acid or partial knockout of PTP1B on PP2A phosphorylation (Y307) in wild-type N2a cells
----------------------------------------------------------------------------------------------------------

Since phosphorylation of PP2A (Y307) induced by okadaic acid (OA) affects PP2A activity *in vitro*\[[@b11]\], interaction of PP2Ac-Yp307 and OA treatment in intact cells was investigated in the current study. In cultured N2a cells, OA at 100 nM (a potent PP2A inhibitor) induced a significant reduction of PP2A activity (∼80%, *P*\<0.05) ([Fig. 5A](#fig05){ref-type="fig"}), which corresponds to the dramatic increases of PP2Ac-Yp307 and phosphorylation of tau at PHF-1 sites, and to the dramatic decrease of tau dephosphorylation at Tau-1 sites (*P*\<0.01; [Fig. 5A](#fig05){ref-type="fig"}). Total PP2A level showed no significant increase ([Fig. 5](#fig05){ref-type="fig"}A). PTP1B was previously shown to affect PP2A phosphorylation at the Y307 site *in vitro*\[[@b11]\]. As shown in [Fig. 5B](#fig05){ref-type="fig"}, the significantly increased PP2Ac-Yp307 levels were observed after PTP1B silencing, in parallel to a significant decrease in PP2A activity (∼50%) and tau phosphorylation at PHF-1 sites.

![Inactivated PP2Ac-Yp307 in wild-type N2a cells treated with okadaic acid (OA) or PTP1B SiRNA. After N2a cells were treated with 100 nM OA for 3 hrs, a significant increase of PP2Ac-Yp307 was observed, which coincides with the significant decrease of PP2A activity, and the significant increase of tau phosphorylation at PHF-1 and significant decrease of tau dephosphorylation at Tau-1 sites (**A**). N2a cells transfected with specific interfering RNA to PTP1B showed a significant decrease of PTP1B expression, which is in parallel to the significant increase of PP2Ac-Yp307, the significant decrease of PP2A activity, and the significant increase of tau phosphorylation at PHF-1 sites. All the results (mean ±SEM) were from at least three independent experiments.\**P*\<0.05;\*\**P*\<0.01.](jcmm0012-0241-f5){#fig05}

Effect of Aβ on PP2A phosphorylation (Y307)
-------------------------------------------

As compared with WT N2a cells, a significant increase of PP2Ac-Yp307 was observed in APPswe N2a cells (*P*\<0.01). This was accompanied by in parallel significant increases in tau phosphorylation at the S205 (pS205), T231/S235 (AT180), and PHF-1 sites, and a significant decrease of tau dephosphorylation at Tau-1 sites ([Fig. 6A](#fig06){ref-type="fig"}).

![Inactivated PP2Ac-Yp307 in N2a cells carrying the human amyloid precursor protein (APP) with Swedish mutation (APPswe), wild-type N2a cells (WT) treated with Aβ25--35, and brains of transgenic APPswe /PS1 (A246E) (AP) and non-transgenic (NT) mice. Significant increases of PP2Ac-Yp307 and tau phosphorylation at pS205, AT180 and PHF-1 sites, and a significant decrease of tau dephosphorylation at Tau-1 sites were observed in APPswe N2a cells as compared to the wild-type (**A**). Treating WT N2a cells with 25 mM Aβ25--35 showed significant increases of PP2Ac-Yp307 and tau phosphorylation at PHF-1, pS262 and pS205 sites, and a significant decrease of tau dephospho-ryaltion at Tau-1 sites at 4 hrs as compared with non-treated control (**B**). Significant increases of PP2Ac-Yp307 and tau phosphorylation at PHF-1, pS205 and AT180 sites, and a significant decrease of tau unphosphorylation at Tau-1 sites were observed in AP as compared with NT (**C**).\**P* \< 0.05;\*\**P* \< 0.01, as compared with WT cells (**A**), non-Aβ25--35 -treated control (**B**) or NP mice (**C**). Significant increases of tau hyperphosphrylation at PHF-1 sites and PP2Ac-Yp307 were observed in the cortical cortex and hippocampus of experimental group as compared with controls. Representative pictures were taken from the temporal cortex and the bar = 20μM.](jcmm0012-0241-f6){#fig06}

In WT N2a cells treated with Aβ25--35, a similar pattern of changes were observed for PP2Ac-Yp307 and tau at PHF-1, Tau-1 and pS205 sites ([Fig. 6B](#fig06){ref-type="fig"}). In general, the Aβ-induced increase of PP2Ac-Yp307 and tau phosphorylation was most pronounced after 4 hrs of treatment.

In the brains of 16-month-old transgenic APPswe /PS1 (A246E) mice with numerous β-amyloid plaques \[[@b32]\], the levels of PP2Ac-Yp307 were significantly increased (*P*\<0.01), in parallel with a significant increase of tau phosphorylation at pS205, AT180 and PHF-1 sites, and a significant decrease of tau dephosphorylation at Tau-1 sites ([Fig. 6C](#fig06){ref-type="fig"}).

Knockout of ERα or ERβ*in vivo* leads to increased PP2A (Y307) phosphorylation
------------------------------------------------------------------------------

In order to see the effects of oestrogen deficiency, we investigated the levels of PP2Ac-Yp307 and tau phosphorylation in brain homogenates of WT, ERα^−/--^, and ERβ^−/--^ mice by Western blots. A significant increase of PP2Ac-Yp307 was observed in both ERα^−/--^ (*P*\<0.05) and ERβ^−/--^ (*P*\<0.01) mice ([Fig. 7A](#fig07){ref-type="fig"}). The levels of dephosphorylated tau at Tau-1 sites were significantly decreased only in ERβ^−/--^ mice, while the levels of tau phosphorylated at PHF-1 sites were significantly increased in both ERα^−/--^ (*P*\<0.05) and ERβ^−/--^ brains (*P*\<0.01) ([Fig. 7B](#fig07){ref-type="fig"}).

![Phosphorylated (p) /inactivated PP2Ac-Yp307 in brains of oestrogen receptor (ER)α^−/--^ and ERα^−/--^ mice. By Western blots (7 μg /lane), levels of PP2Ac-Yp307 and p-tau at PHF-1 sites were significantly increased in ERα^−/--^ or ERβ^−/--^ as compared to wild-type (WT) mice. The level of de-ptau at Tau-1 sites was significantly decreased only in ERβ^−/--^ as compared with the WT control. Data were presented by mean ± SD from five mice each group (*n*= 5). \**P*\<0.05 and \*\**P*\<0.01 between ERα^−/--^ or ERβ^−/--^ and control mice.](jcmm0012-0241-f7){#fig07}

Discussion
==========

Investigating the mechanism of reduced PP2A activity in AD brain is critical to our understanding of the pathogenesis of AD-related tau pathology. According to the amyloid cascade hypothesis, Aβ is thought to be the upstream cause of NFT formation but the underlying mechanism has not been identified \[[@b16]\]. A number of studies have suggested that Aβ accumulation or oestrogen deficiency can activate protein kinases, which can phosphorylate tau at sites seen in AD brains \[[@b19]\]. The current study proposes that Aβ accumulation or the oestrogen deficiency may mediate the up-regulation of PP2A phosphorylation (Y307), which in turn contributes to the reduced PP2A activity in the AD brain ([Fig. 8](#fig08){ref-type="fig"}).

![Hypothetical scheme showing that PP2A phosphorylation (Y307) can be induced by Aβ, okadaic acid, PTP1B knockout or knockout of oestrogen receptor (ER) a and ERβ, which can inactivate PP2A. PP2A inactivation results directly in the increase of tau phosphorylation.](jcmm0012-0241-f8){#fig08}

Decreased levels of PP2A ABaC enzyme and PP2A mRNA, down-regulated carboxyl methylation of PP2A catalytic subunit and up-regulated PP2A inhibitors have been reported in AD brains \[[@b1]\]. These factors and the post-translational modifications of PP2A, such as PP2A demethylation at the L309 site and PP2A phosphorylation at the Y307 site, may modulate PP2A activity \[[@b11]\]. The current study is the first to characterize an antibody specifically recognizing the inactivated phosphorylated form of PP2Ac-Yp307, and to report that the PP2Ac-Yp307 is increased in the 100,000 g pellet fraction that contains NFTs, and that the PP2Ac-Yp307 is aberrantly accumulated in neurons that contain pretangles or NFTs in the AD brain. The pathological accumulation of PP2Ac-Yp307 in pre-tangle neurons precedes PHF-tau accumulation, suggesting that the post-translational modification of PP2A at the Y307 site might be an early event in the pathogenesis of AD-related tau pathology.

These findings on PP2A in the AD brain made us further investigate factors underlying the post-translational change in PP2A. Earlier studies have reported that Aβ can induce tyrosine phosphorylation of numerous proteins and activate tau kinases \[[@b18]\]. Data from the current study showed that 4G8-positive SPs co-existed with tangle-bearing neurons positive for PP2Ac-Yp307 in close vicinity in the AD brain. This finding points to a link between Aβ accumulation and the post-translational modification of PP2A at the Y307 site. In order to explore the link, we conducted experiments employing three different experimental models (APPswe N2a cells, N2a cells treated with Aβ25--35 and brains of transgenic APPswe/PS1 (A246E) mice) and found that the up-regulated PP2A phosphorylation (Y307) correlates with tau phosphorylation at multiple sites.

In a similar manner to Aβ, up-regulated PP2A phosphorylation (Y307) was found in the brains of ERβ^−/--^ mice, which corresponds to increased tau phosphorylation at PHF-1 sites and decreased tau dephosphorylation at Tau-1 sites. Knockout of ERα induced a significant up-regulation of PP2A phosphorylation (Y307), which was accompanied by a significant increase of tau phopsphorylation at PHF-1 sites. Oestrogen has been reported to activate tau kinases such as PKB/Akt and GSK-3β\[[@b23]\]. On the other hand, according to the present findings in ER knockout mice, oestrogen deficiency may mediate PP2A inactivation through post-translational modifications such as phosphorylation at the Y307 site, which likely overrides the inhibition of tau kinases induced by oestrogen deficiency. A recent large study found no effect of ovariectomy or oestrogen replacement therapy on the extent of amyloid pathology in APPswe/PS1(A246E) mice, but did not address tau phosphorylation \[[@b30]\]. Future studies should assess whether transgenic expression of mutated APP in ER knockout mice produces more SP and NFT pathology than in ER wild type mice. The candidate tyrosine kinase that commits the increased phosphorylation of PP2A at the Y307 site in AD brain will also be identified.

In conclusion, the regulation of PP2A activity towards tau dephosphorylation is a very complicated process, the data from the current study suggested that even phosphorylation of PP2A at the Y307 site is modulated by multiple factors co-existing in the AD brain, such as Aβ deposition and oestrogen deficiency.
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[^1]: p, phosphorylated;Non-p, non-phosphorylated;Poly, rabbit polyclonal antibody;mAb, mouse monoclonal antibody.
